soon as possible. Intravenous thrombolysis (IVT) is of proven and substantial benefit for patients who present within 4.5 hours. Thus, it is very important to know the exact stroke onset time (1) (2) (3) because IVT can only be applied to patients who present within the specific time window for treatment. Unfortunately, however, many patients with acute ischemic stroke present with unknown onset time, which limits the number of eligible patients (4) (5) (6) . Although CT is the most widely available and faster imaging modality, magnetic resonance imaging (MRI) may play a critical role in the evaluation of these patients in that fluid-attenuated inversion recovery (FLAIR) imaging may help to determine the age of infarct by diffusion-weighted imaging (DWI)-FLAIR mismatch concept (7) (8) (9) . By taking advantage of such a simple, but meaningful imaging strategy, a few clinical trials are underway (10, 11) . In such circumstances, DWI and FLAIR are the mainstay of imaging studies, and should be obtained as fast as possible because time is brain for patient with acute stroke. Thus, there is a need for further improvement in acquisition speed.
A few studies suggested that echo-planar FLAIR and echo-planar gradient-recalled echo (GRE) accelerated by parallel imaging can be a good alternative to conventional imaging to reduce acquisition time (12) (13) (14) (15) . However, echo-planar GRE FLAIR images are susceptible to artifact, particularly in the regions of air-bone interface, and have relatively lower signal-to-noise ratio (SNR) and contrastto-noise ratio (CNR) compared to conventional FLAIR imaging (Fig. 1) . FLAIR imaging can be obtained faster with shorter repetition time (TR), but it is noisier than that with conventional TR (9000-10000 ms). With the advent of a 32-channel coil, we can obtain MR images with higher SNR than those with 20-or less channel coil. We hypothesized that FLAIR with shorter TR may be comparable to conventional FLAIR by taking advantage of a 32-channel coil at 3T.
The aim of this study was to compare the diagnostic value between FLAIR with TR of 9000 ms (conventional FLAIR) and FLAIR with TR of 6000 ms (shorter-repetitiontime FLAIR) at 3T in patients with acute ischemic stroke.
MATERIALS AND METHODS
This study was approved by our Institutional Review Board, and informed consent of subjects was given by patients or their guardians.
Patients
We enrolled patients who presented with acute ischemic stroke and who had initially undergone 5-mm DWI and two successive 5-mm FLAIR images at 3T with a 32-channel coil between September 2014 and March 2015. This imaging protocol was only effective during the study period. We excluded patients who did not have restricted diffusion on DWI. Also, patients who had severe artifacts (n = 6) and too small hyperintense lesion (< 10 mm 2 ) on images (n = 21) were excluded. A total of 184 patients (81 female; mean age, 69.3 years) met our inclusion criteria and they had acute ischemic stroke (known [n = 121; 28 patients < 4.5 hours, 93 patients ≥ 4.5 hours] and unknown symptom onset times [n = 63]). In patients with known onset time, the ranges of the onset time to MR imaging was from 20 minutes to 344 hours (median, 15.9 hours; interquartile ranges, 4.8-46.4 hours). The median and interquartile ranges of the baseline NIHSS scores were 4.0 and 2-14, respectively.
Image Acquisition
MR imaging was performed at a 3.0T MR imager (Skyra; Siemens, Erlangen, Germany) with a 32-channel head coil. DWI was performed with an echo-planar spin-echo sequence with repetition time (TR) of 5900 ms, echo time (TE) of 80 ms, a matrix number of 192 x 192, two b values of 0 and 1000 s/mm 2 , field of view (FOV) of 220 mm, and no gap. FLAIR with TR of 9000 ms (FLAIR9000) images were obtained with the following parameters: TR/TE/inversion time (TI) = 9000/89/2500; matrix, 256 x 256; field of view (FOV), 250 mm; number of signals acquired, 1; in-plane resolution, 0.9 × 0.9 mm; no gap; a reduction factor of two; acquisition time, 108 seconds. FLAIR with TR of 6000 ms (FLAIR6000) images were acquired with TR/TE/TI = 6000/89/2027; a reduction factor of three; acquisition time, 60 seconds; all other parameters were identical to those for FLAIR9000.
Image Analysis
The paired imaging sets (DWI-FLAIR9000 and DWI-FLAIR6000) were analyzed independently by two radiologists (one with 20 years and the other with 4 years of experience in radiology) at separate sessions two weeks apart. The presence or absence of matched hyperintense lesions (> 10 mm 2 on DWI) on each FLAIR imaging was evaluated. When we encountered multiple infarcted lesions, we measured the largest one among the hyperintense lesions on DWI. Then, the signal intensity ratios between the area of DWI lesion and contralateral normal-appearing region on both FLAIR imaging sets were compared by drawing regions of interest by the second reviewer (16) .
Statistical Analyses
Inter-observer agreement was assessed using Cohen's kappa statistics between the two reviewers. Discrepancy was resolved by consensus. The McNemar test was used to determine whether the two FLAIR images (FLAIR 9000 vs. FLAIR6000) were significantly different from each other. The signal intensity ratios (SIR) between FLAIR9000 and FLAIR6000 were compared by paired t-test. Statistical significance was set at P < 0.05, and statistical analyses were performed using SPSS (version 21; IBM, Armonk, NY, USA).
RESULTS
The median volume of infarcted area on DWI in all patients (n = 184) was 107. ). Interobserver agreement was excellent for both DWI-FLAIR9000 and DWI-FLAIR6000 (Cohen's kappa = 0.904 and 0.883, respectively). After consensus review, DWI-FLAIR9000 mismatch was present in 39 of 184 (21.2%) patients, which was similarly observed on FLAIR6000 (Fig.  2) . The median volume of hyperintense lesions on DWI in this groups was 96.0 mm 2 (interquartile range, 47.3-349.9 mm 2 ) and the time from presentation to MRI ranged from 1 to 12 hours (median, 3.3 hr; interquartile range, 2.5-6.9 hr). FLAIR6000 showed DWI-matched hyperintense lesions in 142 out of 184 (77.2%) patients, which were identically observed on FLAIR9000. The median volume of DWI lesions in this groups was 114.9 mm 2 (interquartile range, 50.6-370.9 mm 2 ) and the time from presentation to MRI ranged from 0.3 to 344.4 hours (median, 26.7 hr; interquartile range, 9.6-54.0 hr).
The mean SIRs on FLAIR9000 and FLAIR6000 for DWI-positive lesions were 1.25 ± 0.20 and 1.24 ± 0.20, respectively. The mean SIRs on FLAIR 9000 and FLAIR 6000 was 1.15 ± 0.19 and 1.14 ± 0.18 for patients with time of onset to MRI of < 4.5 hours (n = 28), 1.27 ± 0.21 and 1.27 ± Fig. 1 . Echo-planar GRE FLAIR versus conventional FLAIR. Echo-planar GRE FLAIR is relatively noisier than conventional FLAIR, and has artifacts in the basal frontal and temporal lobes on both sides (arrows). DWI = diffusion-weighted imaging; EPI = echo-planar imaging; FLAIR = fluid-attenuated inversion recovery; GRE = gradient-recalled echo 0.20 for > 4.5 hours (n = 93) and 1.26 ± 0.17 and 1.25 ± 0.19 (n = 63) for unknown onset, respectively (Table 1) . Between the two FLAIR imaging sets, there was no significant difference of SIR (P > 0.05), irrespective of onset time. Between the patients who obtained MRI within 4.5 hours and beyond 4.5 hours after the symptom onset, the mean SIRs of both FLAIR9000 and FLAIR6000 were statistically higher in the latter (1.15 ± 0.19 vs. 1.27 ± 0.21, P = 0.006 for FLAIR9000; 1.14 ± 0.18 vs. 1.27 ± 0.20, P = 0.003 for FLAIR6000), respectively.
In terms of DWI-FLAIR match, there was no statistically significant difference between FLAIR9000 and FLAIR6000 (P > 0.05), although there was discrepancy between the two FLAIR imaging sets in three patients in which FLAIR9000 only showed matched lesions in the left basal ganglia, pons, and left temporal lobe (onset time to MRI, 53/76 hours/ unknown, respectively) (Fig. 3) . In these three patients, the mean SIR on FLAIR6000 was slightly lower than on FLAIR9000 (1.11 ± 0.09 and 1.19 ± 0.15, respectively), but it was difficult to conduct statistical assessment due to too small number. When compared to patients with time of onset to MRI > 4.5 hours, these three patients exhibited relatively lower SIR (1.26 ± 0.20 vs. 1.11 ± 0.09 on FLAIR6000). They had relatively smaller volume of DWI hyperintense lesions (pons, 28.87 mm ) exhibited mismatch between DWI and both FLAIR imaging sets. They showed SIR of 1.19 ± 0.14 (FLAIR9000) and 1.22 ± 0.13 (FLAIR6000). Aside from the two patients with unknown onset time, 6 of them presented relatively earlier (3.2, 6.9, 8.6, 10.4, 10.8, and 12.1 hours, respectively [8.87 ± 3.24]) than the two patients who had known onset time and showed discrepancy between the two FLAIR imaging set.
DISCUSSION
In this study, we compared the diagnostic value between conventional FLAIR (TR = 9000 ms, FLAIR9000) and shorter-TR FLAIR (TR = 6000 ms, FLAIR6000) at 3T in terms of DWI-FLAIR mismatch, and found no significant difference between conventional FLAIR and shorter-TR FLAIR in determining DWI-FLAIR mismatch by both visual and semiquantitative assessment. From our results, we may obtain FLAIR imaging faster than conventional one without compromise of benefit of DWI-FLAIR mismatch concept. We were able to obtain FLAIR imaging with a FLAIR6000 protocol in 60 seconds, which is an approximately 2-fold reduction in scan time compared to conventional FLAIR (108 seconds).
It has been estimated that for every minute during which ischemic stroke is left untreated, approximately 1.9 million neurons are lost (17) . Thus, it is very important to obtain diagnostic imaging as soon as possible in acute ischemic stroke. CT is preferred to this end since it is much faster than MRI. However, it has lower sensitivity in the detection of infarct core than MRI, and also has the downside of imposing radiation on patients. In such circumstances, faster MRI techniques are desirable to reduce acquisition time. In previous studies, echo-planar imaging (EPI) in combination with parallel imaging was utilized to reduce the scan time for patients with acute ischemic stroke (12, 15) , in which they were able to obtain whole-brain EPI FLAIR within a minute. However, the drawbacks of such a technique are susceptibility artifact and lower SNR (Fig. 1) . Instead of EPI FLAIR, we obtained turbo spin-echo FLAIR with shorter TR to reduce acquisition time. Thanks to a 32-channel coil, we were able to obtain FLAIR imaging with similar diagnostic performance by maintaining similar SIR when compared to conventional FLAIR imaging. Moreover, our shorter-TR FLAIR imaging does not suffer from susceptibility artifact unlike EPI FLAIR imaging, which may be beneficial for assessment of basal frontal lobe and temporal lobe near the skull base. In our study, there were three patients who showed the matched DWI lesions with those on FLAIR9000, but not with FLAIR6000. These lesions are relatively small (28.87 mm 2 in pons, 15.5 mm 2 in left temporal lobe, and 10.8 mm 2 in left basal ganglia). They showed relatively lower SIR on FLAIR6000 than FLAIR9000 (1.11 ± 0.09 and 1.19 ± 0.15, respectively) and had smaller DWI lesions. It is difficult to explain why the SIRs on FLAIR6000 in these 3 patients were slightly lower than those on FLAIR9000. Two of them presented relatively late than 6 patients with similar DWI lesion volume (< 30 mm 2 ), and might have fogging phenomenon in small lesions. Also, FLAIR6000 may suffer from slightly higher noise. Thus, these 3 factors (late onset time, smaller volume, and higher noise level) independently or together might affect lower SIRs of FLAIR6000 patients presented later. However, we admit it is just speculation and needs further evaluation to determine the exact cause of such discrepancy. This discrepancy may limit the utility of FLAIR6000. In this study, however, the majority of patients had relatively large infarcts (median, 107.10 mm 2 ; interquartile range, 48.7-370.1 mm 2 ), and showed statistically similar diagnostic performance between FLAIR9000 and FLAIR6000. Given that the original concept of DWI-FLAIR mismatch is for determining further intervention such as intravenous fibrinolysis or mechanical thrombectomy, such patients with smaller DWI lesions that showed mismatch between FLAIR9000 and FLAIR6000 may not be a big concern.
Although we were able to obtain faster FLAIR imaging without significant compromise of diagnostic performance by taking advantage of a 32-channel coil in our study, such hardware is not widely available, limiting universal utilization. Rather, it would be better to apply a relatively new fast imaging technique such as simultaneous multislice (SMS) imaging (18) . As the SMS for FLAIR was not available when we conducted our study, which may be the case in most of research institutes, we were unable to apply this in our study. We may be able to further reduce the scan time with a higher signal-to-noise ratio than that of FLAIR6000 by applying such a fancy imaging technique.
We note several limitations to our study. First, we reviewed imaging data in a retrospective manner without assessment of outcomes in a single center. Although our study goals did not include the clinical outcomes, it may have added further information for consideration. Second, this study involved a relatively small number of subjects. Third, our protocol requires 3T MRI with a 32-channel coil, which limits a wide use of our faster imaging strategy. As mentioned above, however, an approach utilizing the SMS techniques could be a good alternative.
In conclusion, for the determination of mismatch or match between DWI and FLAIR imaging, there is no significant difference between FLAIR9000 and FLAIR6000 at 3T with a 32-channel coil. Therefore, FLAIR with shorter TR can be applied to patients with acute stroke to reduce acquisition time.
